typically grown on infertile acid soils, of which over 109 ha (1013 m2) have been identified (8, 19) .
Worldwide, nearly 1.6 x 109 ha (1.6 x 1013 m2) of tropical soils are classed as highly infertile, acid Oxisols or Ultisols (19) .
To obtain satisfactory yields of P. vulgaris on such acid soils, varieties are desired that are tolerant to the stresses associated with these soils. These stresses include low pH and high levels of aluminum and manganese. Some bean cultivars produce far higher yields than others in aluminum-rich, acid Oxisols with lower lime inputs (20) , which indicates that breeding beans for cultivation in these soils can provide better adapted varieties. In addition, to obtain maximum yields and optimum rates of biological nitrogen fixation from the symbiosis between P. vulgaris and Rhizobium phaseoli, strains of the root nodule bacteria must be found that not only are active in nitrogen fixation but also survive well in the acid soils, multiply in the rhizosphere of the growing plant, and infect its roots when competing with indigenous microorganisms.
Little is known about the effect of soil acidity on this economically important Rhizobium species or about the ranges of soil acidity tolerance that exists among strains. It has been noted, however, than an R. phaseoli strain that grows in culture medium at pH 4.4 survives poorly in acid soils, although a strain that nodulates cowpeas and grows in culture at pH 4.2 survives well (14) . This paper is concerned with the sensitivity of R. phaseoli to soil acidity. The The pH values were determined with electrodes in 1:1 soil-in-water suspensions. The other analyses were performed as described by Greweling and Peech (10) and Dower and Olson (6) . When soils were to be sterilized, they were subjected to 10 Mrad of gamma irradiation from a 'Co source (14) . For some experiments, samples of the Mardin or Piarco soil were amended with 5.0 or 0.79 g, respectively, of Ca(OH)2 per kg of air-dried soil. The soils were autoclaved before they were discarded.
Tests of acid sensitivity in culture were carried out by inoculating R. phaseoli into a defined medium (14) . The initial count was 103 to 104/ml. Growth was determined by visual assessment of turbidity. The lowest pH at which growth was evident within 4 weeks was designated the critical pH (7). Aluminum sensitivity was determined by adding various amounts of AlCl3 to the defined medium, which contained 10 tLM phosphate and had been adjusted to pH 4.7 (11, 16) . The test bacteria were inoculated into duplicate culture tubes containing the medium, the tubes were incubated at 29°C on a reciprocal shaker operating at 120 cycles per min, and the presence or absence of growth was observed. For survival studies, portions of air-dried soil equivalent to 10 g of oven-dried soil were placed in sterile 160-ml dilution bottles, the initial water content was brought to 10 or 20% (wt/wt) with sterile distilled water, and the soil was incubated for 3 to 5 days before inoculation. The inoculum added to the soil was grown, and the bottles were sampled in duplicate by the procedures of Lowendorf et al. (14) . Rhizobia added to the sterile soil were counted on duplicate plates of YEM agar incubated at 29°C. In experiments with nonsterile soils, rhizobia were counted on YEM agar supplemented with (per milliliter) 1 .0 mg of streptomycin, 50 ±Lg of erythromycin, 250 ,ug of cycloheximide, and 50 F.g of nystatin. In these experiments, as few as 13 rhizobia per g of soil could be detected in this medium.
To determine rhizobial population densities in the presence of a growing plant, 20 g of dry, nonsterile soil contained in a dilution bottle was brought to 20%o moisture (wt/wt). After 5 days, 2.0 ml of a rhizobial suspension was mixed with the soil, and a single seed of P. vulgaris was placed on the soil surface. The seed was covered with soil by gently tapping the bottle. The bottles were covered with Parafilm and incubated at 24°C and a light intensity of 165 to 240 ,umol m-2 s-1 (photon flux at 400 to 700 nm) under Gro-lux widespectrum fluorescent lamps. Control bottles received the same treatment without the seeds. A sample consisted of all soil in a single bottle, and the first dilution was made by adding the dilution liquid (14) to the bottle containing plant and soil. After this suspension was shaken, the plant was removed, washed free of soil, and dried at 110°C for 15 to 18 h. Root and shoot weights were then determined. All treatments were conducted in duplicate.
RESULTS
All 16 strains tested in the defined medium grew at pH 4.6 or above. Representative data showed that some grew at pH 3.8, which was the lowest pH tested (Table 2) . Because the minimum pH value for growth of the most acidtolerant strains was not determined, the value of pH 3.8 was taken as the critical value for these strains to estimate an average critical pH; in this way, the average critical pH for the 16 strains of R. phaseoli was determined to be 4.3 (±0.3 [standard deviation]). This value is close to pH 4.2, the value given by Fred and Davenport (7) .
We further studied the ability of some strains to grow in the presence of aluminum, which is toxic to beans and most crop plants and is especially important in acid soils. The defined medium was adjusted with 1 N HCl to pH 4.7, a value at which all strains grew in the absence of aluminum, and the phosphate concentration was reduced to 10 ,uM to avoid precipitating the aluminum. AlCl3 was added to achieve a final concentration of 0, 5, 10, 25, 50, or 100 ,uM. Some strains did not grow at 5 ,uM AlCl3, some proliferated at 10 but not at 25 ,uM AlCl3, and some grew at 50 but not at 100 ,uM AICl3 ( Table  2 ). Strains that grew at the most acid pH values also grew in the presence of the higher concentrations of aluminum. In addition, aluminum did not substantially increase the lag time or the doubling time of the aluminum-tolerant strains: the appearance of turbidity, which was evident at 3 days in the absence of aluminum, was either not delayed at all or delayed at most until 4 days after inoculation in the presence of 50 ,uM AlCl3. To determine how physical and chemical characteristics of the soils affected rhizobial survival, six of the strains were inoculated into sterilized soils at a final moisture content of 30% (wt/wt). In a soil adjusted to pH 6.3, all strains survived well after 20 days of incubation at 29°C (Table 3) . No population declined below 30% of the inoculated number, and R. phaseoli CIAT 161 and 6-3 increased in abundance. When these six strains were inoculated into a highly acid soil, however, survival of some was greatly reduced. In only 8 days, populations of the four strains more sensitive to acidity in the defined medium (6-3, CIAT 161, 442, and 523) were reduced to 0.78 to 5.3% of the initial count. On the other hand, numbers of the two strains more tolerant of acidity and aluminum in culture medium were only reduced to 22 or 30% of the numbers inoculated. Thus, it appears that the strains more tolerant of acidity and aluminum in culture are also better able to survive in sterile acid soil.
To study the survival of R. phaseoli in nonsterile soils, two antibiotic-resistant isolates were used. These bacteria had the same acid tolerance in medium as did the parent cultures. The organisms were grown in YEM broth, and the cells were inoculated into one limed and three highly acid soils. The final soil moisture content was 20% (wt/wt). R. phaseoli 523SE5 was acid sensitive and C12SE1 was acid tolerant by all tests described above. In the soil of high pH, the numbers of R. phaseoli 523SE5 increased about 10-fold before reaching a reasonably constant density (Fig. 1) . In the three acid soils, the population of this strain decreased rapidly by 3 or more orders of magnitude in (Fig. 4) It was shown above that small numbers of the ' \ I acid-sensitive R. phaseoli 523SE5 survived in \ acid soils for at least 28 days. The bacteria may 3 have survived in soil microsites at pH values higher than the pH of the bulk soil (14) . However, this persistence is not prolonged. Bacterial 2 - numbers fell continuously in acid Piarco soil at 20% (wt/wt) moisture from an initial density of 107/g to undetectable levels at 9 weeks (Fig. 3) .
._._ 
DISCUSSION
The development of procedures for testing the behavior of Rhizobium strains in soil is considered to be important (2, 9, 12, 13) , but attempts to screen fast-growing rhizobia for use on crops grown in acid soils have not been successful (1, 3, 14, 18) . The results presented here indicate that survival of R. phaseoli strains in at least some acid soils can be predicted from the ability to grow in defined, acidified medium. Thus, the only strains that survived well in a sterilized soil of pH 4.6 were those that had grown at pH 3.8 in culture, although all strains grew at pH 4.6. In contrast, two strains of R. meliloti survived and multiplied in sterilized soils at pH values below the critical value for these strains, possibly because of microsites of higher pH in which the bacteria proliferated (14) . Although microsites of higher pH probably exist in the soils used in this study, the strains of R. phaseoli with a critical pH of .4.4 were unable to grow in them. Alternatively, some factor other than the hydrogen ion concentration governs the survival of R. phaseoli in highly acid soils.
The only strains that survived in nonsterile acid soils were those that grew at pH 3.8 in culture and survived well in sterile acid soil. The less acid-tolerant strain, 523SE5, did not survive in any of the acid soils and, even at high inoculum levels, disappeared from the acid soil in 9 weeks. As a consequence of these findings, a procedure for screening strains of R. phaseoli for survival in acid soils can be based on ability to grow in culture at pH 3.8. Strains that survived in other acid soils failed to survive in the Windsor soil. Hence, this soil has an additional stress, the identity of which is unknown. The concentrations of KCI-extractable aluminum and manganese did not seem to be responsible for the inhibition because the levels of these cations were greater in the two other acid soils, both of which permitted survival of the acid-tolerant R. phaseoli. The concentrations of the extractable aluminum and manganese in the limed soils were less than 1.0 ,ug/g (data not shown). Nevertheless, the extractable aluminum and manganese may not accurately reflect concentrations affecting the bacteria. The Windsor soil is also notable because it contains the highest proportion of sand of the soils studied. Rhizobial survival is reported to be poor in sandy soils subjected to drying or high temperatures (13) , and perhaps soil texture also affects the tolerance of the root nodule bacteria to soil acidity.
It may be possible to use differences in survival resulting from liming to determine the factors responsible for the decline of the sensitive rhizobia. R. phaseoli C12SE1, which was generally tolerant of acid soils, survived better in limed than unlimed Piarco soil but more poorly in limed than unlimed Mardin soil. However, the cause of such differences in survival resulting from lime-induced changes in soil properties is still unknown.
The behavior of the more acid-sensitive R. phaseoli strain was not tested in soils of pH values between 4.6 and 6.3. Therefore, we do not know the soil pH below which survival of the acid-sensitive R. phaseoli is likely to be poor. However, the survival of an acid-sensitive strain of R. phaseoli has been found to improve as the pH of a sterile acid soil is raised with incremental additions of lime (14) .
The poor survival of the acid-sensitive R. phaseoli in acid soils in the presence of growing P. vulgaris contrasts with the results of Mulder et al. (15) , who found that the numbers of rhizobia in acid soils are higher in the presence of legume roots than in their absence. In the presence of P. vulgaris roots, R. phaseoli 523SE5 was still subject to the stress of the acid soil, although strain C12SE1 was able to multiply under the same conditions. Similarly, strains of R. meliloti that do not survive in acid soils do not persist in the rhizosphere of Medicago sativa (14) . Thus, there is presently no way to predict the strains of Rhizobium for which the stresses in acid soil are alleviated by roots.
Nodulation of and nitrogen fixation by bean plants were not tested in this study except to confirm the effectiveness of the bacteria. However, bean plants are nodulated 
